This paper describes studies on the recovery of metals from spent hydro-processing catalyst using mixed acidophilic culture in presence of pyrite. This culture was initially grown in the 9K
Introduction
Large quantities of solid catalyst are used in the petroleum refining industry for the purification of crude oil. The catalyst deactivates with use and after the activity declines below the acceptable limit it must be regenerated or discarded. 1, 2) The environmental laws concerning spent catalyst disposal have become increasingly more severe and spent hydro-processing catalysts are now classified as hazardous waste under US Environmental Protection Agency.
3) The spent catalyst contains metal sulphides that are unstable in the presence of water and atmospheric oxygen and create environmental problems.
3) Various hydrometallurgical processes, both alkali and acid leaching, have also been established to recover the metals from spent refinery catalysts as well as from other solid wastes such as electronic scraps, spent batteries and ocean nodules. [4] [5] [6] [7] The use of a biotechnological leaching process to recover metals from such waste materials before disposal is a logical but challenging application. Our previous work has shown that the application of sulphur oxidizing lithotrophic cells can dissolve appreciable amount of Ni and V from spent refinery catalysts. 8, 9) Several other reports have been published using fungi (Aspergillus niger) to recover metals from spent fluid cracking catalysts. 10, 11) Since microbiological catalysis to recover metals is cost effective and eco-friendly, its application to treat different solid wastes has advantages compared with hydro-pyro metallurgical methods.
Bioleaching process involves iron oxidizing and sulphur oxidizing bacteria which grow in presence of different substrates such as Fe þ2 , elemental sulphur (S 0 ) or sulphides such as pyrite. Our present work was conducted using pyrite as the major substrate for mixed acidophilic bacteria during the bioleaching process. By chemical equation, pyrite bio-oxidation can be presented as:
Acidophilic mesophilic bacteria catalyze eq. (1) producing Fe þ3 and H þ which act to degrade the solid. 12) It is postulated that bacteria attach to the pyrite surface by secretion of bacteria extra-cellular polymeric substances (EPS) and both Fe þ3 ions and H þ play an important role in metal solubilization from minerals. 13, 14) Previously, efficient dissolution of valuable metals such as Cu, Co, Ni, Mn, and Fe has been demonstrated from ocean manganese nodules in presence of pyrite. 15, 16) It is hypothesised that the primary oxidation of pyrite, or similar ironsulphur mineral, provides Fe þ3 and H 2 SO 4 which solubilize the metal content in the nodule. The solubilisation process may also involve the oxidation of the metal to a higher oxidation state than it possessed in the mineral. The present investigation was conducted using a mixed culture of mesophilic acidophilic bacteria grown in the presence of pyrite and the spent catalyst. Sulphide and iron generated by the action of the microbes should aid the dissolution of metals from the spent catalyst.
Materials and Methods

Chemicals
All the chemicals and reagents used in the present investigation are from Junsei Chemicals, Japan. The aqueous solutions were prepared using de-ionized water.
Spent catalyst
The hydro-processing spent catalyst was obtained from the Petroleum Corporation of South Korea and this material was the basis of all samples used in the experiments. The spent catalyst material was a granular solid with black, waxy covering and a film of surface oil that drained on standing. Particle size ranged from 5 to 8 mm. The spent catalyst was pre-treated in a soxhlet apparatus using acetone as the solvent. The pre-treatment process was conducted at 50 C and continued for 7-8 days until the whole oil from the catalyst was removed. The catalyst was then dried at 50 C for 12 hours in the oven. The black particles were then ground by mortar and pestle, sieved to exclude particles >106 mm (sieve no # 140) and stored in a vacuum desiccator. This material is referred to as pre-treated spent catalyst and its metal composition is given in Table 1 .
Pyrite sample
To conduct these experiments, a pyrite sample was obtained from Murdoch University, Australia. Before chemical analysis, the pyrite was ground and sieved to particle size of less than 100 mm. A wet chemical process was followed to digest the pyrite and analyzed for iron and sulphur. Values of 39.7% iron and 37.1% sulphur were found after the analysis.
Growth of micro-organisms
A mixed acidophilic bacterial culture (Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans), collected from the collection bank of AJ Parker CRC (Murdoch University) were initially grown using pyrite in media having following composition:
17) The inoculum was incubated in a rotary shaker (SI-600R) at 180 rpm and 32 AE 1 C. Bacterial growth was monitored by visual cell counts (Neubauer counting chamber, Â400) and observing pH change in the medium. After the cell growth, solids were removed by filtration using Whatman No. 1 filter paper and the filtrate centrifuged at 10,000 rpm for 30 minutes. The cells were harvested from the centrifuged sediments and maintained until required in dilute H 2 SO 4 of pH 2.0.
Bioleaching study
All experiments were performed in shake-flasks in an orbital shaking incubator at 32 AE 1 C and 180 rpm except where specified. A pH meter (Orion-720+) with glass membrane electrode was calibrated using pH 2.00 and 4.00 buffers and used to measure pH. The cells after growth on pyrite were applied for bioleaching study of spent catalysts.
Bioleaching studies were conducted in 300 mL Erlenmeyer conical flasks containing the desired amounts of pyrite and spent catalyst, 100 mL of the medium and a cell inoculum. The flasks were incubated in shaking incubator and the pH of the solution was adjusted at 2:0 AE 0:05. Experiments were conducted by varying the reaction time, the amounts of pyrite and spent catalyst and reaction temperature. Samples were taken periodically to measure dissolved metals and bacterial numbers. To ascertain the reproducibility of results, a group of experiments were repeated a number of times and the results were found to vary within AE5%.
Chemical analyses
Elements in the liquid phase and the acid digestion of the solid phase were determined by ICP-AES, Spectro Analytical Instruments (CIROS). After the desired leaching time, the solid and liquid phases were separated by filtration. The liquid phase was acidified and diluted to known volume, while the solid phase was digested in concentrated HCl before filtration, dilution and analysis. Data from these analyses were used to calculate the weight fraction of metal in the solution phase and are reported throughout as percentage recovered.
Results and Discussion
Effect of reaction time
The effect of reaction time was observed by fixing the solid loading at 30 g/L of pyrite and 15 g/L of spent catalyst (Fig. 1) . After one day of reaction period, it was observed that Ni and V showed equal release into the solution with 85% and 87% respective recovery. Over the subsequent 6 days no further dissolution of Ni occurred but the recovery of V increased slowly to 97%. Molybdenum extraction was reached 24% after day one, rising to 31% after five days and decreasing to 28% after one week. This reduction in Mo extraction after 5 days indicated that Mo is solubilised to some extent and then undergoes precipitation. Molybdenum shows low dissolution due to its sparingly soluble nature at the acidic pH range where it is covered by itself with a passivating layer of MoO 2 and MoO 3 . 19) From these results it is also clear that the reaction process can be followed for seven days and after which there is an equilibrium status for the metal leaching.
During the reaction period the dissolution of iron and soluble sulphur (in sulphate form) into the solution was also investigated. The concentration of total iron after 1 day was 3.5 mM and the value increased with the reaction time and after one week was found to be 7.1 mM. A similar trend for soluble sulphur was also noticed during the same reaction period (10.5 mM to 21.1 mM) (Fig. 2) . It was observed that from day 1 to day 5, the release of both iron and sulphur into the solution was steady with more sulphur than iron expected from the breakdown of FeS 2 , but after that there was equilibrium status for each. The presence of sulphate in the solution reduced the pH of the medium from 2.0 to pH 1.4-1.5. Under these conditions significant amounts of Ni and V In presence of 10 g/L catalyst and the culture, Ni showed 87-89% dissolution and there was no significant change in Ni dissolution when spent catalyst concentration was increased ( Fig. 3(a) ). However, Mo and V dissolution decreased sharply with increase in catalyst loading. At spent catalyst concentration of 10 g/L, V recovery was 96% and at 15 g/L it was 92%. However it decreased sharply to 48% and 15% when spent catalyst loading increased to 30 g/L and 50 g/L, respectively. The recovery of Mo showed similar behaviour with 49% solubilised at 10 g/L loading decreasing to 13% at 50 g/L.
This low recovery of Mo and V at higher catalyst loading was examined further. Experiments with the pyrite loading at 30 g/L and 50 g/L were conducted with the loading of catalyst varied in the range of 10-50 g/L at each pyrite loading.
With pyrite present at 30 g/L in the media, dissolution of Ni, V and Mo was somewhat different (Fig. 3(b) ). Ni showed consistent dissolution behaviour at all the spent catalyst loadings. At 10 g/L of catalyst Ni recovery was 88%, at 15 g/ L 87%, and 86% at both 30 and 50 g/L. In case of V, the dissolution extent decreased with increasing spent catalyst loading. At 10 g/L of spent catalyst concentration, the recovery was 96% and then decreased to 87% at 30 g/L of loading. However when the spent catalyst loading increased to 50 g/L, V recovery sharply decreased to 21%. Mo recovery was increased slightly over the same range of spent catalyst loading. At 10 g/L of spent catalyst, Mo recovery was 12% increasing to 30-34% over the catalyst loading range of 15-50 g/L. While digesting the solid residues of 50 g/L spent catalyst treated experiments with concentrated HCl, it was observed that substantial amount of V dissolved whereas Mo was still in its insoluble form with the residues. This was analysed by ICP method and later the Mo phases were dictated by XRD. The pH value of the solution at higher spent catalyst concentration (at 50 g/L) was found to increase pH ! 2:5 and this presumably due to acid consumption by Al 2 O 3 present in the catalyst sample. 18) At these pH values, the high catalyst loading results in higher V concentrations and increasing precipitation. It is possible that this solid vanadium phase occludes or co-precipitates Mo.
Increasing the pyrite loading to 50 g/L gave Ni recovery consistent with the previous experiments (86-88%) (Fig. 3(c) ). Molybdenum showed a slight improvement in its dissolution extent. At 10 g/L of spent catalyst concentration, the recovery of Mo was 13% and it increased to 26% at 50 g/L catalyst. V recovery at 10 g/L catalyst loading was 97% decreasing to 92% as catalyst loading increased to 30 g/ L. However, the V recovery further decreased to 74% with the catalyst loading at 50 g/L. Decreased recoveries at higher loadings of catalyst and pyrite indicate that leaching from the catalyst may proceed but precipitation occurs reducing the amounts that can be extracted.
3.3 Bio-oxidation of iron and sulphur during bioleaching Leaching of the solid spent catalyst is effected by the products of pyrite bio-oxidation. The bio-oxidation reactions produce Fe 3þ and H þ and SO 4 2À (eqs. (2)- (6)).
The elemental sulphur formed was assumed to be oxidised by either the micro-organisms or by Fe
The processes occurring during these experiments can be inferred from the data presented in Figs. 4 and 5 . The pattern of soluble iron (Fig. 4) as the relative amounts of pyrite and catalyst are varied is complex but increasing the catalyst loading beyond 30 g/L always resulted in a reduction of the soluble iron concentration. This must result from the formation of insoluble iron solids potentially reducing the V concentration through co-precipitation or adsorption. It is believed that V undergoes precipitation with iron to form vanadate complex with the solid residues when the solution pH approaches !2:0.
18)
The soluble sulphur concentration increased with increased spent catalyst and pyrite loading indicating that sulphate was not necessarily involved in the formation of the precipitating solids (Fig. 5) .
Effect of reaction temperature
The effect of reaction temperature was studied by conducting identical experiments at temperatures at 25, 32 and 40 C at three different pyrite loadings (10, 30 and 50 g/L). The spent catalyst loading was fixed at 30 g/L. The leaching of Ni, V and Mo at different temperature is shown in Table 2 .
When the temperature was varied at 10 g/L of pyrite, the extraction of Ni remained constant over the temperature range (86-87%). However the extraction of both Mo and V decreased sharply as the temperature increased.
A higher loading of pyrite (30 g/L) gave no significant change in the extraction of Ni or V as the temperature was increased. The recovery of Mo was decreased from 27 to 18% as the temperature increased. Similarly at pyrite concentration of 50 g/L, Ni dissolution percentage varied from 82-85% and V varied from 87-92%. However Mo extraction showed no consistent trend varying between 21 and 26%. Most of the Mo was found to be adsorbed onto solid surface with iron or sulphur.
Characterization of bio-leach residues
The leach residue after bioleaching was characterized by XRD, SEM-EDX analyses. The X-ray diffraction indicated the presence of aluminium, and an association of molybdenum and vanadium with iron oxides in the solid phases of leach residue (Fig. 6) . The major phases identified were aluminium and silicate. At higher concentration of pyrite, some part of iron precipitates but these phases are not usually crystalline and therefore not observed by XRD techniques. Molybdenum as MoO 3 was observed in the residue and it was assumed that this is formed during the leaching process. Previously we have found the similar deposition of MoO 3 while treating the spent catalysts only with sulphur oxidizing bacteria. 8) Bioleach residue was analysed by energy-dispersive X-ray analysis (EDX) using high vacuum at 20 kV. The elemental distribution on the surface of the residue is shown in Fig. 7(a), (b) and it was compared with the pre-treated spent catalyst before bioleaching. From the figure it is clear that iron, sulphur and molybdenum have the major distribution on the residue. Comparing the mapping of iron and sulfur before leaching and after leaching, there is highly dense feature of both these elements in the leach residues which is due to the presence of pyrite. It is believed that iron and sulphur from pyrite have gone into the solid phase of the residues and precipitated in the due course of reaction. As expected from the result, V and Ni are mostly leached into the solution. Molybdenum was observed to be deposited as MoO 3 and this is understandable due to its low solubility in acidic pH. 19) Some amount of insoluble sulphur was found to go with the solid leach residue. It is expected that the Mo may be associated with both iron and sulfur in the residue and covering the surface.
Conclusion
Dissolution of Ni, Mo and V was performed in presence of pyrite, used as an additive to spent catalyst, with a mixed culture of acidophilic bacteria. Bio-oxidation of the pyrite released H þ , Fe 3þ and SO 4 À2 ions that acted as the lixiviant during the leaching process. An appreciable amount of Ni and V was leached into the lixiviant during the bioleaching process. The most favourable conditions were found to be 30 g/L spent catalyst concentration; 50 g/L pyrite and pH 2.0. The conditions dissolved Ni, Mo and V to the extent of 85, 26 and 92%, respectively. Total iron and sulphate (in form of soluble sulphur) measurements during the bioleaching process showed more sulphur than iron was solubilized. Recoveries of Mo were low compared to those of Ni and V and the sparingly soluble nature of Mo in acidic solution was assumed to be responsible. Characterization of leach residues through XRD and SEM-EDX clearly revealed the deposition of molybdenum trioxide, aluminium silicate and oxides of iron in the residues.
This technique has potential for recovering significant amounts of the metals Ni and V and modest amount of Mo. The process will need to be optimised to prevent formation of iron oxy-hydroxides that can reduce the dissolved amount of V. The residue from the process should be stable with respect to long-term leaching from landfill. 
